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(54) An Internal combustion engine system fueled by a gaseous fuel, a gaseous fueling system 
for an internal combustion engine and a method of fueling an internal combustion engine 



(57) A hybrid gaseous fueling system has a low 
pressure supply (32) and a high pressure supply (50). 
This system provides the advantages ot fueling with a 
low pressure charge during steady state operation and 
also provides a way to more readily smooth engine tran- 
sients resulting from changes in engine operating char- 
acteristics such as speed or load by modulating high 



pressure fueling of the engine (10). Furthermore, air/fuel 
ratio control may be readily integrated into this system. 
In addition, start-up of the engine is performed using 
more fuel from the high pressure supply (50) than the 
low pressure supply (32) up to a predetermined level of 
engine operation. At that level and beyond, low pressure 
fueling is greater than high pressure fueling. 
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Description 

The present invention relates generally to a fuel 
system for internal combustion engines and, more par- 
ticularly, to a system for supplying high and low pressure 
gaseous fuel to an internal combustion engine. 

Many existing systems employ gaseous fueled in- 
ternal combustion engines. Generally, gaseous fueled 
engines are more "environmentally friendly" than gaso- 
line fueled engines. As a result, gaseous fueled engines 
are often found in ground transportation vehicles and 
various other systems. As used herein, a "gaseous fuel" 
means a fuel which is in the gaseous state at standard 
temperature and pressure. A few examples of gaseous 
fuels used with internal combustion engines are: com- 
pressed natural gas, liquid natural gas, and liquid petro- 
leum gas. 

In order to obtain optimum engine performance, 
gaseous fueled engines typically monitor the mixture of 
air and fuel of a charge supplied to the engine for com- 
bustion. As used herein, "charge" means a combustable 
mixture of fuel and air provided to an engine. Air/fuel 
ratio of a charge is often a primary feedback parameter 
in gaseous fueled engine control systems because it 
can be easily adjusted to improve steady state engine 
performance. For example, air/fuel ratio control gener- 
ally provides better fuel economy and lowers harmful ex- 
haust emissions. 

Existing systems typically regulate the flow of the 
air/fuel mixture into the engine to adjust power output 
via a valve associated with a control throttle. One prob- 
lem with these existing systems is an inability to rapidly 
respond to changing demands for fuel. Generally, these 
demands result from a change in engine speed or load 
and create an engine transient condition which is not 
readily smoothed by conventional gaseous fueling sys- 
tems. As a result, some systems typically increase the 
pressure of the air/fuel mixture to provide a more rapid 
response capability. However, such systems usually re- 
quire a correspondingly larger compressor which may 
adversely impact overall efficiency of the internal com- 
bustion engine system. 

Consequently, a need still remains for a gaseous 
fueling system with the capability to more rapidly re- 
spond to transient fueling conditions and yet preserve 
the advantages of low pressure fueling during steady 
state operation. Furthermore, this new system prefera- 
bly accommodates air/fuel ratio control. 

One aspect of the present invention is a gaseous 
fueling system having a low pressure fuel source and a 
high pressure fuel source. The timing and amount of fuel 
from each of the low and high pressure sources may be 
controlled to improve fueling efficiency and responsive- 
ness. The system may be integrated with an air/fuel ratio 
control system. One application for this system is fueling 
an engine which drives an electric power generator. An- 
other application is to fuel engines which power various 
types of vehicles. Indeed, many systems utilizing a gas- 



eous fueled internal combustion engine may be advan- 
tageously adapted to use this system. 

Another aspect of the present invention is a gase- 
ous fueled internal combustion engine system which in- 
5 eludes an internal combustion engine defining a com- 
bustion chamber, a low pressure air/fuel supply coupled 
to the combustion chamber to provide a mixture of air 
and low pressure gaseous fuel for combustion, and a 
high pressure fuel source coupled to the chamber. 
io In addition, the low pressure air/fuel supply includes 
a first controllable valve for regulating flow of the mixture 
into the combustion chamber. The high pressure fuel 
source has a second controllable valve for regulating the 
flow of high pressure fuel. A sensor provides an engine 
*5 performance signal corresponding to one of engine 
speed and engine load. A controller responsive to the 
sensor is coupled to the first and second controllable 
valves and provides corresponding low and high pres- 
sure fueling signals. The first controllable valve re- 
20 spondstothe low pressure fueling signal to regulate flow 
of the mixture. The second controllable valve responds 
to the high pressure fueling signal to regulate high pres- 
sure gaseous fuel flow. The second controllable valve 
may be a controllable fuel injector responsive to an in- 
2S jector fueling signal from the controller. 

In one form of the present invention, a low pressure 
fuel source and a high pressure fuel source are coupled 
to a combustion chamber by a fuel supply passage. The 
passage receives fuel from the low pressure fuel source 
30 and high pressure fuel source for supply to the combus- 
tion chamber. Examples of such a passage include, but 
are not limited to an intake port, intake manifold, and 
charge flow pathway. 

A further aspect of the present invention includes: 
55 (1 ) starting an engine with more fuel from a high pres- 
sure fuel source than a low pressure fuel source, (2) 
sensing an, engine operating characteristic, the operat- 
ing characteristic being engine speed or load, and (3) 
supplying more fuel to the chamber from the low pres- 
to sure fuel source than the high pressure fuel source 
when the engine operating characteristic exceeds a pre- 
determined level. In a variation of this feature, start-up 
fueling is provided at least in part from a high pressure 
storage vessel associated with the high pressure fuel 
*5 source. Once the engine has reached a predetermined 
level of operation, this vessel may be replenished by di- 
verting a portion of the high pressure fuel into it for the 
next engine start-up. Also, this vessel may supplement 
the high pressure fuel source to handle severe transient 
so conditions. 

Still another aspect of the fuel system of the present 
invention is controlling the ratio of fueling between high 
and low pressure fuel sources so that the bulk of the fuel 
is supplied by the low pressure source during steady 
55 state operation. This feature utilizes the high pressure 
source to rapidly fuel the engine in response to tran- 
sients detected from a sensed engine characteristic 
such as speed or load. Generally, this configuration 
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avoids the need to resort to a larger and often more in- 
efficient fuel compressor in order to improve responsive- 
ness to engine transients. Also, the risk of stratified 
charge within a combustion chamber is typically re- 
duced by keeping the amount of high pressure fueling 
low relative to total fueling. 

Accordingly, one object of the present invention is 
to provide a gaseous fuel system which provides a more 
rapid and controllable response to changing fueling de- 
mands. 

Other objects are to accommodate air/fuel ratio 
control, provide improved engine start-up performance, 
and enhance overall gaseous fueled engine system ef- 
ficiency. 

Further objects and features of the present inven- 
tion will be apparent from the drawings and discussion 
provided herein. 

FIG. 1 is a diagrammatic view illustrating a preferred 
embodiment of the present invention; 
FIG.2 is a diagrammatic view showing certain as- 
pects of the embodiment of FIG. 1 in greater detail; 
FIG. 3 is a diagrammatic view illustrating certain as- 
pects of components shown in FIG. 2; 
FIG. 4A is a flow chart illustrating a control system 
for use with the embodiment shown in FIGS. 1-3; 
FIG. 4B is a continuation of the flow chart shown in 
FIG. 4A; 

FIG. 5 is a diagrammatic view illustrating a second 
preferred embodiment of the present invention; and 
FIG. 6 is a diagrammatic view illustrating a third pre- 
ferred embodiment of the present invention. 

For the purposes of promoting an understanding of 
the principles of the invention, reference will now be 
made to the embodiment illustrated in the drawings and 
specific language will be used to describe the same, it 
will nevertheless be understood that no limitation of the 
scope of the invention is thereby intended, any altera- 
tions and further modifications In the illustrated device, 
or further applications of the principles of the invention 
as illustrated therein being contemplated as would nor- 
mally occur to one skilled in the art to which the invention 
relates. 

Referring to FIG.1, an internal combustion system 

1 of one preferred embodiment of the present invention 
is shown. System 1 includes an engine 10 coupled to a 
generator 2 by mechanical linkage 3. Engine 10 drives 
generator 2 to produce electric power. Generator 2 is of 
a stand alone configuration such that it operates inde- 
pendent of a power grid. In one embodiment, generator 

2 supplies alternating current and voltage via terminals 
4 to electrically power a device connected thereto (not 
shown). Notably, to effectively power such a device, 
generator 2 should provide power at a relatively con- 
stant frequency. This frequency corresponds to the ro- 
tational speed of generator 2. In turn the rotational 
speed of generator 2 corresponds to the rotational 
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speed of engine 10 driving generator 2. Thus, it is pre- 
ferred that the speed of engine 10 be controlled to pro- 
vide for reliable operation of system 1 . 

Engine 10 is fueled with a gaseous fuel from low 
s pressure air/fuel supply 30 and high pressure fuel sup- 
ply 50. Low pressure air/fuel supply 30 and high pres- 
sure fuel supply 50 receive low pressure fuel from low 
pressure fuel source 32 via low pressure line 33. Con- 
troller B0 is coupled to low pressure air/fuel supply 30 
to and high pressure fuel supply 50 to control fueling from 
each supply, respectively. Engine position sensor 26 is 
coupled to controller 80 to provide signal PS. Signal PS 
is indicative of the position of the engine 10 cam shaft 
(not shown) by use of a variable reluctance sensor and 
15 fixed teeth located on the engine cam shaft gear. In al- 
ternative embodiments, other conventional types of 
speed sensor 26 may be used. Controller 80 may use 
the frequency of signal PS to determine rotational speed 
of engine TO and control engine speed accordingly by 
adjusting fuel flow from low pressure air/fuel supply 30 
and high pressure fuel supply 50. Because the speed of 
generator 2 is dependent upon speed of engine 1 0, con- 
troller 80 may regulate the 6peedof generator 2 in a cor- 
responding fashion. 

FIG. 2 further illustrates certain aspects of the gas- 
eous fuel system shown in FIG. 1 . Fuel source 32 is 
again shown which may be a tank or supply line. Fuel 
source 32 is coupled to low pressure supply line 33 
which branches into lines 33a and 33b. Fuel sensor 34 
is coupled to controller 80 to provide signal FLOW. Sig- 
nal FLOW is indicative of the gas mass flow rate of fuel 
through line 33a. The flow of fuel along line 33a Is reg- 
ulated by controllable valve 36 coupled to controller B0. 

Fuel from line 33a mixes with air from intake 38 in 
air/fuel mixer 40. The resulting mixture of air and gase- 
ous fuel proceeds along pathway 41. Low pressure 
compressor 42 biases flow of the gaseous fuel and air 
mixture along pathway 41. Next this mixture - a low 
pressure charge - proceeds through after cooler 43 
which Is of a conventional type. Flow of the low pressure 
charge along pathway 41 is regulated by throttle vafve 
44 which is controllably coupled to controller B0. Throttle 
valve 44 may be a controllable butterfly valve of a con- 
ventional type. 

The regulated charge flows from throttle valve 44 to 
intake manifold 46. Intake manifold 46 provides the 
charge for combustion in engine 10. 

For the FIG. 2 embodiment, Items designated by 
reference numerals in the range of 34-44 generally cor- 
respond to components of the low pressure air/fuel sup- 
ply 30 shown in FIG. 1. In other embodiments, fuel 
source 32, low pressure supply line 33, line 33a and line 
33b may also be considered as elements of low pres- 
sure air/fuel supply 30. 

FIG. 2 also depicts elements of high pressure fuel 
supply 50. Fuel compressor 52 increases pressure of 
gaseous fuel supplied along line 33b to provide a high 
pressure fuel source relative to the pressure of fuel in 
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the low pressure air/fuel supply 30 or pressure of fuel in 
low pressure fuel source 32. Fuel compressor 52 sup- 
plies high pressure fuel to high pressure supply line 53 
which branches into lines 53a and 53b. In a variation of 
this embodiment, fuel from high pressure supply line 53 
is selectively returned to line 33 to regulate pressure 
generated by fuel compressor 52 (not shown). 

The flow of high pressure fuel along high pressure 
supply line 53a is regulated by controllable valve 54 cou- 
pled to controller BO. Regulated high pressure fuel from 
controllable valve 54 is supplied to injector rail 56 within 
engine 10. High pressure fuel in injector rail 56 is selec- 
tively delivered for combustion in engine 10 by each of 
a number of controllable injectors 58. Controllable injec- 
tors 58 are of a conventional type and may be of the 
multi-port variety common to sequential port injection 
systems. Line 53b from high pressure supply line 53 is 
regulated by controllable valve 62 coupled to controller 
80. Regulated high pressure fuel from valve 62 leads to 
storage vessel 60. By opening valve 62 and closing con- 
trollable valve 54, fuel from fuel compressor 62 may be 
stored in storage vesselBO at high pressure. Also, by 
opening controllable valve 62 and controllable valve 54, 
fuel from storage vessel 60 may be supplied to injector 
rail 56 even when fuel compressor 52 is not in operation. 

For the embodiment depicted in FIG. 2, items indi- 
cated by reference numerals in the range of 51-62 gen- 
erally correspond to components of the high pressure 
fuel supply 50 depicted in FIG. 1 . In other embodiments, 
the components for high pressure supply 50 may vary 
as would occur to those skilled in the art. Besides fuel 
compressor 52, other elements which may be regarded 
as a high pressure fuel source include high pressure 
supply lines 53, 53a, 53b; vessel 60; and the various 
elements of high pressure fuel supply 50 in combination. 
In alternative embodiments, a high pressure fuel source 
configured for use with the present invention may be 
completely independent from the low pressure fuel 
source 32, having a separate high pressure tank, pipe- 
line, or other source of supply. In still other embodi- 
ments, low pressure fuel source 52 may vary as would 
occur to one skilled in the art. 

Engine 10 also includes a plurality of combustion 
chambers 14 each coupled to an intake port 13. Refer- 
ring specifically to FIG. 3, one chamber 14 is shown in 
greater detail, it being understood that the other cham- 
bers 14 and intake ports 1 3 of FIG. 2 are similarly con- 
figured. Chamber 14 has reciprocating piston 15 cou- 
pled to a cam shaft (not shown) via rod 16. Chamber 14 
is coupled to intake port 13 via valve 13a. Chamber 14 
is fueled from intake port 1 3 when valve 1 3a is opened. 
Intake port 13 receives a charge from intake manifold 
46 along a path represented by arrow 12. 

Also, intake port 1 3 has a corresponding controlla- 
ble injector 58. Controllable injector 58 has outlet 59 
emptying into intake port 13. High pressure fuel enters 
intake port 1 3 through outlet 59 as represented by arrow 
57. Referring additionally to FIG. 2, each controllable 



injector 58 is coupled to controller 80 to regulate high 
pressure fuel flow into each corresponding intake port 
13. Coupling of only one controllable injector 58 is 
shown to enhance clarity of FIG. 2. 
5 Fuel in combustion chamber 1 4 is ignited by ignition 
means 1 7. Although not shown for clarity, each combus- 
tion chamber 1 4 has an independent ignition means 1 7. 
Ignition means 1 7 may be controlled by controller 80 us- 
ing a direct fire module (not shown), or alternatively, a 
io conventional spark plug/distributor ignition system may 
be used. In still other embodiments, ignition means and 
related ignition control systems are employed as would 
occur to those skilled in the art. 

Low pressure fuel and air from intake manifold 46 
is and high pressure fuel from controllable injector 58 in- 
termix within intake port 1 3. The resulting mixture is sup- 
plied to combustion chamber 14 by opening valve 13a 
and ignited by ignition means 17 to supply energy to 
drive the corresponding pistons 15of engine 10. Acom- 
20 busted charge is exhausted from combustion chamber 
1 4 along arrow 1 9 to exhaust manifold 1 B when exhaust 
valve 19a is opened. Exhaust exits engine 10 along 
pathway 20 and drives turbine 22. In turn, turbine 22 
drives compressor 42 via mechanical coupling 23. A 
25 mechanical coupling (not shown) may also drive fuel 
compressor 52. In an alternative embodiment, a sepa- 
rate turbine (not shown) drives fuel compressor 52. 

Combustion products along pathway 20 form an ex- 
haust stream which is monitored by sensor 24. Sensor 
30 24 is coupled to controller 80 to provide an EGO signal 
indicating oxygen level in the exhaust stream. Typically, 
the amount of oxygen in combustion products of a 
charge is indicative of the air/fuel ratio of that charge just 
prior to combustion. Because it is generally indicative of 
35 the air/fuel ratio of the charge combusted in engine 1 0, 
the EGO signal may be used as a feedback parameter 
to improve combustion efficiency and reduce harmful 
emissions in the exhaust stream. 

Notably, pathway 41 , intake manifold 46, and each 
^0 intake port 13 define a fuel supply passage for each 
chamber 14. Preferably, high pressure fuel supply 50 is 
coupled to each intake port 1 3 by a corresponding in- 
jector 58 to provide selective control over the flow of high 
pressure fuel supplied to each chamber 14 for combus- 
45 tion. In alternative embodiments, high pressure fuel sup- 
ply 50 may be connected at various other points along 
this passage after throttle valve 44 either with or without 
a connection to each intake port 1 3. In still other embod- 
iments, a controllable fuel injector may not be used in 
so conjunction with high pressure fueling. 

FIGS. 4A and 4B provide a flow chart of routine 800 
for execution by a programmable version of controller 
B0 of the preferred embodiment depicted in FIGS. 1-3. 
FIG. 4A shows the start of routine 800. Routine 800 con- 
55 tinues and concludes on FIG. 4B. In step 801 shown in 
FIG. 4A, sensors are read and the corresponding sig- 
nals are conditioned as appropriate. Step 801 may in- 
clude linearization of the sensor signals such as signal 
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FLOW and signal EGO and also includes any required 
analog to digital conversion of those signals. Signal con- 
ditioning may include averaging various signals over a 
given period of time and other statistical treatments as 
would occur to those skilled in the art. 

Variables corresponding to sensor signals are up- 
dated in step 802. Rotational engine speed, RPM, is up- 
dated as a function of signal PS from positional sensor 
26. The air/fuel ratio, AFR, is updated as a function of 
signal EGO as conditioned in step 801. Similarly, gas 
mass flow, GMF, is updated as a function of signal 
FLOW. 

In step 803 it is determined whether the engine 10 
has been started. In one embodiment, the step 803 de- 
termination is based upon RPM. If a start-up condition 
is detected, then start-up fueling is provided from high 
pressure fuel supply 50 in step 804. Generally, high 
pressure fueling provides' a faster and more reliable 
start-up than low pressure fueling. In one variation of 
this embodiment, the high pressure fuel is delivered 
from storage vessel 60. Pressurized fuel in storage ves- 
sel 60 may be made available to start engine 10 by 
opening controllable valve 54 and 62 even when high 
pressure fuel from fuel compressor 52 is not available. 
In alternative embodiments, high pressure start-up fuel 
may be obtained from fuel compressor 52 or a combi- 
nation of fuel compressor 52 and storage vessel 60. 

After engine 1 0 start-up, control flows to conditional 
805. Conditional 805 tests whether engine speed meets 
a target level or is within a target range. If engine speed, 
RPM, is less than the target value, then air/fuel ratio, 
AFR, is checked to determine whether It is within a de- 
sired range in conditional 806. If AFR is within the proper 
range, high pressure fueling is increased in step 807 to 
provide for increased engine speed and thereby smooth 
the transient caused by the speed change. 

Returning to conditional 805, if engine speed is not 
below target, then control flows to conditional 808. Con- 
ditional 808 determines determines whether engine 
speed is greater than the selected target. If the engine 
speed, RPM, does exceed the target value or is outside 
the target range, then AFR range is checked in condi- 
tional 809. If the AFR is within the desired range, then 
high pressure fueling is decreased in step 810 to slow 
the engine accordingly. 

In alternative embodiments, it may be preferred to 
use a different engine performance parameter or engine 
operating characteristic than engine speed. For exam- 
ple, in one alternative embodiment, steps 805 and 808 
check whether engine load meets a target value or tar- 
get range. Similar to engine speed, transients in engine 
load are also addressed by an adjustment to high pres- 
sure fueling. In still other embodiments, engine load and 
engine speed may both be used as control parameters. 

Once high pressure fueling or fuel flow is adjusted 
in either step 807 or 810, control flows to conditional 811 
shown in FIG. 4B. Also control flows to conditional 811 
if AFR is outside the desired range as determined in con- 



ditional 806 or conditional 809. Similarly, control flows 
to conditional 811 if RPM satisfies the target condition. 

Referring to FIG. 48, conditional 811 determines 
whether air/fuel ratio, AFR, is greater than a target val- 
s ue. If the AFR target is exceeded, then low pressure 
charge flow is decreased in step 812 to reduce the 
amount of air in intake port 13 for a given high pressure 
fuel flow. This richer charge is then supplied from intake 
port 1 3 to chamber 14 for combustion. If AFR does not 

io exceed the target in condition 811, then control flows to 
conditional B1 3 which tests whether AFR is less than a 
target value. If AFR is less than the target, then low pres- 
sure charge flow is increased in step 81 4 to increase the 
relative amount of air in intake port 13 for a given high 

15 pressure fuel flow. This leaner charge is then supplied 
from Intake port 1 3 to chamber 1 4 for combustion. If AFR 
is on target routine 800 returns control to the calling rou- 
tine. Preferably, adjustments to low pressure charge 
flow are made by adjusting throttle valve 44. 

20 In an alternative embodiment, a controllable waste- 
gate valve along pathway 41 (not shown) may be 
opened to adjust AFR by bleeding excess low pressure 
charge flowing from after cooler 43. Also, a wastegate 
may be used to adjust pressure in pathway 20 to change 

2$ the speed of turbine 22 and compressor 42 via coupling 
23. This change in compressor speed adjusts charge 
flow in pathway 41 to correct AFR. In other embodi- 
ments, a controllable airflow valve may be added to air 
intake 38 to accommodate AFR adjustments, air/fuel ra- 

30 tio is adjusted by changing the low pressure fuel flow 
into mixer 40 with controllable valve 36, or various con- 
trol methods are combined as would occur to one skilled 
in the art. In a variation of these embodiments, signal 
FLOW is used to monitor low pressure fuel adjustments 

35 in conjunction with air/fuel ratio control. Notably, sensor 
34 and associated signal FLOW may be used to provide 
a "limp home" capability should sensor 24 fail or the 
EGO signal otherwise become unavailable. 

If AFR is adjusted in steps 812 or B14, conditional 

40 815 is next encountered which determines whether high 
pressure fueling is less than a desired percentage of to- 
tal fueling. If high pressure fueling does not constitute 
the desired percentage, then low pressure fueling is de- 
creased in step 816 by adjusting valve 36, throttle valve 

& 44, or both. If conditional 81 5 is not satisfied, then con- 
ditional 817 is encountered to test whether high pres- 
sure fueling exceeds a desired percentage of total 
fueling. If high pressure fueling does exceed the desired 
percentage, then low pressure fueling is increased in 

so step 81 8. In a variation of this embodiment, conditionals 
815 and 817 may alternatively test for compliance of a 
desired fueling ratio of high pressure fuel relative to total 
fueling. In other embodiments, high pressure fueling is 
determined relative to low pressure fueling. Once 

5S fueling is adjusted in either step 616 or step 618, control 
returns to the calling routine. 

Preferably, control of system 1 includes convention- 
al compensation methods with appropriate gain factors. 
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In one embodiment, these gain factors should be con- 
figured so that RPM adjustments in steps 803-810 are 
relatively quicker than responses generated in other 
control loops of routine 800. Similarly, for this embodi- 
ment, the AFR control bop of steps 811-B14 is prefera- 
bly set for a relatively more sensitive response than the 
high pressure fueling percentage control loop of steps 
815-818. Generally, this scheme assures that engine 
transience smoothing is given the highest priority, air/ 
fuel ratio control is given an intermediate priority, and 
high pressure fueling percentage is given the lowest pri- 
ority relative to routine BOO. 

Notably, transient speed conditions of engine 10 
during start-up and operation may be addressed by ad- 
justing fueling of the high pressure fuel system 50 in ac- 
cordance with steps 803-810 of routine 800. The con- 
trollable injectors 58 of high pressure fueling supply 50 
provide a way to rapidly respond and smooth speed 
transience. Also, high pressure fueling with a port injec- 
tion system generally reduces the chance of intake man- 
ifold flashback. 

On the other hand, predominately fueling from a low 
pressure air/fuel source 30 is often more efficient during 
steady state operation - especially when refined control 
over air/fuel ratio is desired. Moreover, by limiting the 
high pressure fuel flow capability to that typically re- 
quired for expected transients, stratified charge prob- 
lems are minimized. Thus, a balance between fueling 
from high pressure fuel supply 50 and an air/fuel supply 
with a low pressure source is preferred. Controlling the 
percentage of high pressure fuel flow to total fuel flow 
in steps 815-818 of routine 800 provides one way to 
achieve this goal. 

For one preferred embodiment, fuel compressor 52 
is sized to provide a high pressure fuel flow of about 
30% of the total maximum expected fueling demand to 
smooth engine transiance. However, once steady state 
operation is achieved, it is preferred that the relative per- 
centage of high pressure fueling to total fueling be main- 
tained in a range of about 10-20% for this embodiment. 

In a variation of this embodiment, high pressure fuel 
from storage vessel 60 is added to high pressure fuel 
from fuel compressor 52 to handle large transients re- 
quiring more high pressure fueling than fuel compressor 
52 can supply alone. The preferred maximum high pres- 
sure fueling capability and preferred steady state high 
pressure fueling contribution is a combination of engine 
design goals and parameters such as speed change re- 
sponse time, engine emission standards, overall engine 
efficiency, specific fuel type, and relative pressures of 
low pressure fuel in air/fuel supply 30 and high pressure 
fuel from high pressure fuel supply 50. 

In other embodiments, high pressure fueling may 
provide the dominant amount of fueling. Indeed, in one 
embodiment, it is envisioned that engine 10 be exclu- 
sively fueled from high pressure fueling supply 50 during 
start-up, with more high pressure fueling than low pres- 
sure fueling being used up to a certain performance lev- 



el of engine 10. In a variation of this embodiment, the 
relative percentage of high pressure fueling gradually 
decreases from about 100% at start-up to about 15% 
during full power steady state operation. 
5 It should be noted that certain steps of routine 800 
depicted in FIGS. 4A and 4B may be performed more 
or less often than others or otherwise varied as would 
occur to those skilled in the art. For example, in one al- 
ternative embodiment, the sensors are read and varia- 
10 bles are updated in steps 801 and 802 more or less often 
than the performance of other steps in routine 800. In 
one embodiment, routine 800 is periodically executed 
on a fixed time interval basis. In other embodiments, 
routine 800 may be executed as an interrupt routine with 
15 or without other scheduled execution cycles. 

FIG. 5 depicts another preferred embodiment of in- 
ternal combustion engine system 101 of the present in- 
vention. System 101 includes a power generator 1 02 for 
providing electric power to A.C. power grid 104. As op- 
20 posed to generator 2 shown in FIG. 1 , the speed of pow- 
er generator 102 is held steady by the frequency of A. 
C. power grid 104. However, the power output of power 
grid generator 102 is typically variable. Usually, the tar- 
get power output of a power grid generator is set by a 
2S throttle associated with generator 102, a remotely locat- 
ed control center, or both (not shown). 

Engine 110 drives generator 102 via mechanical 
linkage 103. However, control of engine 110 is per- 
formed by monitoring the power output of generator 1 02. 
30 The power output of generator 1 02 corresponds to the 
load on engine 110 from driving generator 102. Specif- 
ically, sensor 1 26 is coupled to controller 1 80 to provide 
a signal L indicative of generator 1 02 power output. Sen- 
sor 126 may be a load sharing device, power meter, or 
35 a combination of voltage and current sensors monitoring 
the interface of electric power generator 102 to AC. 
power grid 104. In one embodiment, sensor 126 repre- 
sents a pair of voltage and current sensors on each of 
three terminals corresponding to a three phase output 
*o of generator 102 to A.C. power grid 104. Signal L is in- 
dicative of engine load caused by generator 1 02. A var- 
iable EL may be derived from signal L and substituted 
for RPM in steps 803-808 of routine 800 or otherwise 
added as an additional engine operating characteristic 
for a control routine executed by controller 1 80. 

Engine 110 is fueled by low pressure air/fuel supply 
130 and high pressure fuel supply 150 which are con- 
trolled by controller 1B0 similar to system 1. However, 
gaseous fuel is piped to system 101 by low pressure fuel 
so supply pipe line 132. Conduit 133 branches from fuel 
supply pipeline 1 32 and has shut off valve 1 32a, Conduit 
1 33 branches into supply conduits 1 33a and 1 33b to de- 
liver low pressure gaseous fuel to low pressure air/fuel 
supply 130 and high pressure fuel supply 150, respec- 
ts tively. In one embodiment, fuel supply pipe line 1 32 is a 
conventional natural gas supply line. Pipeline fueling of 
engine 1 1 0 has the advantage of not needing a separate 
fuel tank to fuel system 101. 
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In FIG. 6. still another preferred embodiment of sys- 
tem 201 of the present invention is shown. In system 
201 , vehicle 202 is powered by engine 21 0 via mechan- 
ical linkage 203. System 201 has a low pressure fuel 
source 232 for providing fuel to low pressure air/fuel 5 
supply 230 and high pressure fuel supply 250 via fuel 2. 
lines 233, 233a and 233b. Vehicle 202 includes throttle 
204 controlled by the vehicle operator. Sensor 226 cou- 
pled to controller 2B0 provides signal TP corresponding 
to position of throttle 204. In a control system configured io 
for execution by controller 280, signal TP may be used 
to provide an electronic throttle control in conjunction 
with an engine speed sensor such as shown in FIGS. 1 
and 2. 

I n other embodiments of the present invention, var- 
ious elements of the controllers 80, 180, 280; low pres- 
sure air/fuel supplies, 30, 130, 230; high pressure fuel 
supplies, 50, 150, 250; and routine 800 may be com- 3. 
bined, substituted, and altered as would occur to those 
skilled in the art. Furthermore, controllers 80, 180, 280 20 
may be an electronic circuit comprised of one or more 
components. Similarly, these controllers may be com- 
prised of digital circuitry, analog circuitry, or both. Also, 
controllers 80, 180, 280 may be programmable, digital 
or analog processors, or a hybrid combination thereof. 25 
However, preferably controllers B0, 180, 280 are micro- 
processor based devices of a known construction. 

Sensors 24, 26, 34, 126, 226 may provide a signal 
in either a digital or analog format to their respective con- 
trollers. Correspondingly, each controller is configured 30 
to condition and convert sensor signals to the appropri- 
ate format, as required. All sensors of systems 1, 101, 
201 are of a known construction. 4. 

While the invention has been illustrated and de- 
scribed in detail in the drawings and foregoing descrip- 35 
tion, the same is to be considered as illustrative and not 
restrictive in character, it being understood that only the 
preferred embodiment has been shown and described 
and that all changes and modifications that come within 
the spirit of the invention are desired to be protected. *o 



Claims 

1 . A method of fueling an internal combustion engine, <s 
the engine having a combustion chamber, a low 
pressure air/fuel supply coupled to the chamber to 
provide a mixture of air and low pressure gaseous 
fuel, and a high pressure fuel source with a control- 
lable fuel injector coupled to the chamber to provide so 
high pressure gaseous fuel, comprising the steps 
of: 

(1) sensing an engine operating characteristic, 
the operating characteristic being one of engine 55 
speed and engine load; 

(2) fueling the chamber from the low pressure 
air/fuel supply and the high pressure fuel 



source; and 

(3) actuating the controllable fuel injector to 
regulate fuel flow in response to the sensed en- 
gine operating characteristic of step (1 ). 

A method according to claim 1 , wherein step (2) in- 
cludes simultaneously supplying fuel to the cham- 
ber from the low pressure air/fuel supply and the 
high pressure fuel source, and further comprising 
the steps of: 

(4) determining a change in the engine operat- 
ing characteristic sensed in step (1); and 

(5) actuating the controllable injector to adjust 
fueling from the high pressure fuel source in re- 
sponse to the change determined in step (4). 

A method according to claim 1 , wherein step (3) in- 
cludes: 

(3a) establishing a steady state fueling ratio of 
high pressure fuel flow to total fuel flow; 
(3b) establishing a target operating character- 
istic, the target operating characteristic being 
one of engine speed and engine load; 
(3c) adjusting fuel flow from the high pressure 
fuel source to achieve the target operating 
characteristic of step (3b); 
(3d) adjusting fuel flow from the low pressure 
air/fuel supply in accordance with the steady 
state fueling ratio established in step (3a). 

An internal combustion engine system fueled by a 
gaseous fuel, comprising: 

an internal combustion engine defining a com- 
bustion chamber; 

a low pressure air/fuel supply coupled to said 
chamber to provide a mixture of air and low 
pressure gaseous fuel and including a first con- 
trollable valve, said first controllable valve reg- 
ulating flow of the mixture supplied to said 
chamber; 

a high pressure fuel supply coupled to said 
chamber to provide high pressure gaseous fuel 
and including a controllable injector, said con- 
trollable injector regulating flow of high pres- 
sure gaseous fuel supplied to said chamber; 
a first sensor providing an engine performance 
signal corresponding to one of engine speed 
and engine load; 

a controller responsive to said first sensor and 
coupled to said first controllable valve and said 
controllable injector, said controller being con- 
figured to provide an injector fueling signal and 
a valve fueling signal In accordance with said 
performance signal; and 
wherein said injector responds to said injector 
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5. 



6. 



fueling signal to regulate high pressure gase- 
ous fuel flow and said first controllable valve re- 
sponds to said valve fueling signal to regulate 
flow of the mixture. 

A system according to claim 4, wherein said con- 
troller detects a change in said performance signal, 
and adjusts high pressure fueling in response to 
said change. 

A system according to claim 4, further comprising 
an electric power generator coupled to said engine, 
said generator being driven by said engine, and 
said performance signal corresponding to engine 
speed. 

A system according to claim 4, wherein said low 
pressure air/fuel supply and said high pressure sup- 
ply are coupled to said chamber by an intake port. 



8. A system according to claim 4, wherein: 

6aid low pressure air/fuel supply includes a low 
pressure gaseous fuel source with a second 
controllable valve regulating the flow of fuel 
from said fuel source into the mixture, a first 
compressor for pressurizing the mixture, and 
an intake manifold for distributing the mixture 
to said engine; and 

said high pressure fuel supply is coupled to said 
low pressure gaseous fuel source and includes 
a second compressor for increasing pressure 
of fuel received from said fuel source. 

9. A system according to claim 4, wherein: 

said valve and injector fueling signals are con- 
figured to provide more high pressure fuel than 
low pressure fuel when the engine is started 
and more low pressure fuel than high pressure 
fuel when said engine performance signal ex- 
ceeds a predetermined level; 
said high pressure fuel supply includes a high 
pressure fuel line and a vessel for retaining fuel 
under high pressure; 

said vessel is coupled to said high pressure fuel 
line by a second controllable valve; 
said controller Is coupled to said second con- 
trollable vale and is configured to provide a ves- 
sel fueling signal; and 

said vessel fueling signal actuates said second 
controllable valve to provide high pressure fuel 
to said controllable injector during engine start- 
up. 
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10. A method of fueling an internal combustion engine, 
the engine having a chamber for combusting a mix- 
ture of gaseous fuel and air, the chamber being cou- 
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pled to a low pressure fuel source and a high pres- 
sure fuel source, comprising the steps of: 

(1) starting the engine with more fuel from the 
high pressure fuel source than the low pressure 
source; 

(2) sensing an engine operating characteristic, 
the operating characteristic being one of engine 
speed and engine load; and 

(3) supplying more fuel to the chamber from the 
low pressure fuel source than the high pressure 
fuel source when the engine operating charac- 
teristic sensed in step (2) exceeds a predeter- 
mined level. 

11. A method according to claim 1 or claim 10, further 
comprising the steps of: 

(4) establishing a target amount of high pres- 
sure fueling relative to low pressure fueling of 
the chamber; 

(5) adjusting fuel flow from the low pressure fuel 
source in accordance with the target amount 
established in step (3a or 4). 

12. A method according to claim 10, wherein the high 
pressure fuel source includes a storage vessel, and 
further comprising the steps of: 

(4) storing fuel under high pressure in the ves- 
sel; and 

(5) supplying fuel from, the vessel during the 
performance of step (1). 

13. A method according to claim 1 0, further comprising 
the step of adjusting fueling from the high pressure 
source to smooth transient operation of the engine. 

14. A method according to claim 10, further including 
the step of maintaining air/fuel ratio in the chamber 
within a predetermined range. 



15. A method according to claim 10, wherein the high 
pressure fuel source includes a storage vessel, and 
45 further comprising the steps of: 



(4) storing fuel under high pressure in the ves- 
sel; and 

(5) determining an engine transient as a func- 
tion of the engine operating characteristic 
sensed in step (2); 

(6) providing fuel from the high pressure source 
to smooth operation of the engine during the 
transient determined in step (5); and 

(7) supplying fuel from the vessel during the 
performance of step (6). 
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16. A gaseous fueling system for an internal combus- 
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tion engine, comprising: 

a combustion chamber; 
a low pressure fuel source coupled to said com- 
bustion chamber with a first controllable valve 
to regulate the flow of low pressure gaseous fu- 
el into said combustion chamber; 
a high pressure fuel source coupled to said 
combustion chamber with a second controlla- 
ble valve for regulating the flow of high pressure 
gaseous fuel into said combustion chamber; 
a first sensor providing an engine operation sig- 
nal corresponding to one of engine speed and 
engine load; 

a controller responsive to said first sensor and 
coupled to said first and second controllable 
valves to correspondingly provide a low pres- 
sure fueling signal and a high pressure fueling 
signal in accordance with said engine operation 
signal; and 

wherein said first controllable valve responds 
to said low pressure fueling signal to regulate 
low pressure fuel flow into said chamber and 
said second controllable valve responds to said 
high pressure fueling signal to regulate high 
pressure fuel flow into said chamber, said low 
and high pressure fueling signals being config- 
ured to provide more high pressure fuel than 
low pressure fuel when the engine is started 
and more low pressure fuel than high pressure 
fuel when said engine operation signal exceeds 
a predetermined level. 

17. A system according to claim 16, wherein: 

said high pressure fuel source includes a fuel 
line coupled to said second controllable valve 
and a vessel for retaining fuel under high pres- 
sure; 

said vessel is coupled to said fuel line by a third 
controllable valve; 

said controller is coupled to said third control- 
lable valve and is configured to provide a vessel 
fueling signal; and 

said vessel fueling signal actuates said third 
controllable valve to provide high pressure fuel 
to said second controllable valve. 

18. A system according to claim 16, wherein said high 
pressure fuel source is coupled to said low pressure 
gaseous fuel source and includes a compressor for 
increasing pressure of gaseous fuel received from 
said low pressure fuel source. 

19. A system according to claim 18, wherein said high 
pressure fuel source includes a fuel line coupled to 
said second controllable valve and a vessel for re- 
taining fuel under high pressure; 



said vessel is coupled to said fuel line by a third 
controllable valve; 

said controller is coupled to said third control- 
lable valve and is configured to provide a vessel 
5 fueling signal; and 

said vessel fueling signal actuates said third 
controllable valve to provide high pressure fuel 
to said second controllable valve. 

10 20. A method of fueling an internal combustion engine, 
the engine having a combustion chamber coupled 
to a fuel supply passage, the supply passage being 
coupled to a low pressure fuel source and a high 
pressure fuel source, comprising the steps of: 

15 

(1) sensing an engine operating characteristic, 
the operating characteristic being one of engine 
speed and engine load; 

(2) fueling the chamber through the supply pas- 
20 sage, the supply passage receiving fuel from 

the low and high pressure fuel sources; and 

(3) controlling fuel flow from the low and high 
pressure fuel sources in step (2) in response to 
the sensed engine operating characteristic of 

25 step(1). 

21. A method according to claim 20, wherein step (2) 
further includes the step of providing a mixture of 
gaseous fuel and air through the supply passage 

30 for combustion in the chamber. 

22. A method according to claim 20, wherein step (2) 
includes simultaneously supplying fuel to the supply 
passage from the low and high pressure fuel sourc- 
es es, and step (3) includes the steps of: 

(3a) determining a change in the engine oper- 
ating characteristic sensed in step (1); and 
(3b) adjusting fuel flow from the high pressure 
40 fuel source In response to the change deter- 

mined in step (3a). 

23. A method according to claim 20, wherein step (3) 
includes: 

45 

(3a) establishing a steady state range of high 
pressure fueling amount relative to total fueling 
of the chamber; 

(3b) establishing a target operating character- 
so jstic, the target operating characteristic being 

one of engine speed and engine load; 

(3c) adjusting fuel flow from the high pressure 

fuel source to achieve the target operating 

characteristic of step (3b); and 
ss (3d) adjusting fuel flow form the low pressure 

fuel source in accordance with the steady state 

range established in step (3a). 
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24. A method according to claim 11 , when appended to 
claim 1 , or according to claim 23, wherein the target 
range is about 10% to 20%. 

25. A method according to claim 1 or claim 20, further s 
comprising the steps of: 

(4) starting the engine with more fuel from the 
high pressure fuel source than the low pressure 
source; and w 

(5) supplying more fuel to the chamber from the 
low pressure fuel source than the high pressure 
fuel source when the engine operating charac- 
teristic sensed in step (1) exceeds a predeter- 
mined level. 75 

26. A method according to claim 25, when appended to 
claim 1 , wherein the engine includes an intake port 
coupling the air/fuel supply and controllable fuel in- 
jector to the chamber, the engine has an exhaust 20 
stream for exhausting combusted products, and fur- 
ther comprising the steps of: 

(6) sensing an air/fuel ratio from the exhaust 
stream; 25 

(7) establishing a target air/fuel ratio for the en- 
gine; 

(B) establishing a steady state fueling ratio of 
high pressure fuel flow to total fuel flow; 

(9) supplying fuel to the intake port in accord- 30 
ance with the steady state fueling ratio estab- 
lished in step (8); 

(10) determining engine transience as a func- 
tion of the engine operating characteristic 
sensed in step ( 1 ) ; and 35 

(11) adjusting fuel flow from the high pressure 
fuel source to smooth engine transience deter- 
mined in step (10). 

27. A gaseous fueling system for an internal combus- 40 
tion engine, comprising: 

a combustion chamber; 
a fuel supply passage coupled to said chamber 
to supply a mixture of air and gaseous fuel to 45 
said chamber for combustion; 
a low pressure air/fuel supply coupled to said 
passage with a first controllable valve to regu- 
late the flow of flow pressure gaseous fuel into 
said combustion chamber; so 
a high pressure fuel supply coupled to said pas- 
sage with a second controllable valve for regu- 
lating the flow of high pressure gaseous fuel in- 
to said combustion chamber; 
a first sensor providing an engine operation sig- ss 
nal corresponding to one of engine speed and 
engine load; 

a controller responsive to said first sensor and 



coupled to said first and second controllable 
valves to correspondingly provide a low pres- 
sure fueling signal and a high pressure fueling 
signal in accordance with said engine operation 
signal; and 

wherein said first controllable valve responds 
to said low pressure fueling signal to regulate 
low pressure fuel flow into said passage and 
said second controllable valve responds to said 
high pressure fueling signal to regulate high 
pressure fuel flow into said passage. 

28. A system according to claim 27, wherein said pas- 
sage includes an intake port and said second con- 
trollable valve includes a fuel injector with an outlet 
positioned in said intake port. 

29. A system according to claim 27, further comprising 
an electric power generator coupled to said engine, 
said generator being driven by said engine, and 
said operation signal corresponding to engine load 
determined as a function of power output by said 
generator. 

30. A system according to claim 4 or claim 16, further 
comprising a second sensor providing an air/fuel ra- 
tio signal corresponding to air/fuel ratio of combust- 
ed products exhausted from said chamber, said 
controller being responsive to said second sensor 
to adjust at least one of said first controllable valve 
and either said controllable injector or said second 
controllable valve as a function of said air/fuel ratio 
signal. 

31. A system according to claim 27, wherein: 

said passage includes an air intake to supply a 
mixture of air and fuel, an intake manifold for 
distributing the mixture to said engine, and an 
intake port; 

said high pressure fuel supply includes a com- 
pressor for increasing pressure of fuel received 
from said fuel source; and 
said second controllable valve is a fuel injector 
with an outlet in said intake port. 

32. A system according to claim 27, wherein: 

said low and high pressure fueling signals are 
configured to provide more high pressure fuel 
than low pressure fuel when the engine is start- 
ed and more low pressure fuel than high pres- 
sure fuel when said engine operation signal ex- 
ceeds a predetermined level; 
said high pressure fuel supply includes a high 
pressure fuel line and a vessel for retaining fuel 
under high pressure; 

said vessel is coupled to said high pressure fuel 
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line by a third controllable vatve; 
said controller is coupled to said third control- 
lable valve and is configured to provide a vessel 
fueling signal; and 

said vessel fueling signal actuates said third $ 
controllable valve to provide high pressure fuel 
to said second controllable valve for engine 
start-up. 
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